Severe pulmonary hypertension (PH) associated with vascular remodeling is a longterm complication of HIV infection (HIV-PH) affecting 1/200 infected individuals vs.
INTRODUCTION
Pulmonary Hypertension (PH) is characterized histologically by remodeling of pulmonary arteries and complex vascular lesions 1 . PH is a significant non-infectious complication affecting individuals infected with the Human Immunodeficiency Virus (HIV) at a higher frequency (1/200), compared to 1/200,000 in the HIV-negative population [2] [3] [4] [5] [6] .
An echocardiography-based study reported increased pulmonary artery systolic pressures (>30 mm Hg) in 35% of HIV+ pulmonary asymptomatic individuals , compared with only 7.7% of HIV-negative individuals 7 , suggesting a higher risk of HIVassociated PH (HIV-PH) in this population. Whether the prevalence is higher in developing countries with limited access to screening tools remains unknown. Although mutations in the bone morphogenetic protein receptor-II have been identified in heritable PH, these mutations are not more prevalent in HIV-infected individuals 8 .
HIV can be recovered from the lungs of humans and experimentally-infected animals [9] [10] [11] .
Hence, pulmonary vascular disease may be a consequence of the chronic exposure to viral proteins in the lung that may in turn drive the immune response. The lung cells infected with HIV or its simian counterpart SIV, are sources of viral proteins, including Nef. HIV/SIV Nef (negative factor) is a 27-35 kilodalton cytoplasmic protein expressed early in HIV/SIV infection. Nef down-regulates CD4 expression 12 and blocks traffic of major histocompatibility complex type-I (MHC-I) to the membrane allowing the infected Altogether, these studies suggest that alterations in Nef sequence domains have pathophysiological consequences. Furthermore, Nef is associated with significant pulmonary vascular remodeling including obliterative vascular lesions indistinguishable from those in end-stage human PH 17, 18 . Recent studies from Sehgal's group revealed remarkable Golgi fragmentation in endothelial and smooth muscle cells in the PH-like vascular lesions in macaques and strikingly, the same cells displayed endosomes bearing HIV-nef 39, 40 .
The present study translated these findings to humans and tested the hypothesis that Nef signature sequences are over-represented in European HIV-infected individuals with PH but not in normotensive subjects. We validated the results in a separate group of research subjects from San Francisco, California, USA. We found nef alleles associated with the pulmonary hypertensive phenotype, independent of virological and immunological parameters. Although most of the variant amino acids mapped to Nef functional domains, molecularly cloned Nef primary isolates retain the ability to down-regulate CD4 expression. These studies suggest a pathogenetic association between genotypic changes in Nef functional domains and higher prevalence of PH in HIV-infected individuals. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. evidence of pulmonary disease were used as controls. To validate the genetic association studies in the European cohort, we further examined banked PBMC DNA from HIV-PH subjects (n=11) and confirmed normotensive subjects (n=22) enrolled in 6 6 Homology modeling of Nef. Nef protein structures were modeled by the web server PHYRE 22 and visualized in Pymol 23 (Delano Scientific LLC, San Carlos, CA). Van der Waals overlaps were determined by Mol Probity 24 .
MATERIALS AND METHODS

Study subjects:
Functional characterization of HIV nef isolates associated with pulmonary hypertension. We sub-cloned HIV nef isolates into the HaloTag pFC14A vector (Promega) according to manufacturer's instructions and tested Nef protein ability to down-regulate CD4 in HeLa-CD4+ cells (NIH-AIDS Reagents Program 25 ). Expression of the nef-HaloTag fusion constructs was assessed by Western blots under denaturing/non-reducing and native conditions, using a polyclonal anti-HaloTag antibody. The expression of CD4 antigen receptor was determined by flow cytometry.
Please see the Supplementary Data for details.
RESULTS
Study subjects.
HIV-infected European subjects with and without HIV-PH were not different regarding demographic characteristics (Table 1) . While most of the European with HIV-PH were receiving ART (91%), compared to 43% of controls (p= 0.0474), CD4+ T cell counts, HIV viral loads, or duration of HIV infection were not different between the groups ( Table 1) .
Hemodynamic data were not collected for the French controls because these individuals had no evidence of dyspnea and therefore echo Doppler was not indicated as per the French PH diagnostic algorithm 4 . To date, control individuals have not developed symptoms (personal communication). Similar to the European cohort, there were no statistically significant differences in demographic or clinical parameters,
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including ART, CD4 counts, HIV viral loads, and duration of HIV infection between individuals with or without HIV-PH in the San Francisco group. Nevertheless, compared to the European cohort, the San Francisco validation group had a longer duration of HIV infection (~15 and 7 years for San Francisco and European subjects, respectively (p <0.0001, T test), and a mean age of 44 and 52 years, respectively (p= 0.0010, T test).
Nef sequences from HIV-PH individuals displayed polymorphisms in functional domains. Unifrac phylogenetic analyses 26 of the full-length Nef protein showed that sequences from each individual clustered with a high degree of significance (P<10 -40 ). However, there was no significant clustering by disease phenotype, suggesting that there is high variability of Nef among individuals and that the HIV-PH/normotensive phenotype is not due to a specific clade of Nef.
Interestingly, polymorphisms in nef mapped to known functional domains and these were over-represented in European individuals with HIV-PH compared to controls, based on G statistic ranking data (Figure 1, Table S1 ); subsequent analyses focused on these functional domains. Specifically, we found 10 polymorphisms: the PxxP motif (proline-rich area essential for Nef interaction with SH3 domain-containing proteins 27 , where x is any amino acid), the L 58 V CD4 down-regulation domain 28 , the E 63 G acidic cluster mediating the sequestration of MHC-1 in the trans-Golgi network 29 , and the M 79 I/T 80 N/Y 81 F phosphorylation site for Protein Kinase C 30 . We also found changes near M 20 whose functional role is to interact with the adaptor protein 1 (AP-1) and efficiently prevent MHC-1 trafficking to the membrane 31 . Importantly, seven of these ten nef polymorphisms were validated in the San Francisco group with HIV-PH ( Figure 1 , Table S1 ). The number of variant functional domains was catalogued for each subject from each cohort (Europe and San Francisco) and presented as the sum of polymorphisms for each group (Figure 2) . Interestingly, the HIV-PH group in both cohorts was characterized by two or more polymorphisms in Nef domains: 5/22 normotensive controls from San Francisco showed >2 polymorphisms, 0/7 controls from Europe showed >2 polymorphisms.
ROC curve analyses from the European cohort revealed that, if a similar number of clones as obtained from the subjects in this study (i.e. 14±6) were obtained from HIVinfected individuals, using 2 variations in Nef as a cutoff, 73% (95%CI: 39%, 94%) of subjects with HIV-PH would be correctly identified, and 100% (95%CI: 59%,100%) without the disease would be correctly identified as negative. These data have an AUC of 0.8961 (95% CI: 0.75 to 1.05, p=0.005761, Table S2 ). In the validation group, ROC analyses demonstrated that using two polymorphisms in Nef as a cutoff, 64% (95%CI: 31%, 89%) of subjects with HIV-PH would be correctly identified, and 77% (95%CI: 55%,92%) of normotensive subjects would be correctly identified as PH negative (AUC = 0.7417, 95% CI:56%, 92%, p=0.02552). In addition, retrospective analyses showed that the survival of HIV-PH individuals in both cohorts was significantly lower (median This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. the selection of Nef variants. There is no correlation between the number of polymorphisms and length of HIV infection (R 2 =0.142) or age (R 2 = 0.0089, Figure 3 ).
In addition, ART is not associated with the presence of >2 Nef variants in subjects with PH from Europe (p = 1.000) or San Francisco (p=1.000). Although we identified variants that tended to cluster together: L 58 V-Y 81 F, PxxP-A 53 P, PxxP-H 40 and A 53 P-H 40 Y in 4 subjects and Y 81 F-PxxP in 5 subjects, contingency analyses showed that there was no particular mutation associated with the presence of ART ( Table 2 ).
Lack of compartmentalization of Nef variants in PBMC compared to plasma.
Different selective pressures on HIV nef have been reported when provirus from PBMC is compared to virions from plasma 32 . We genotyped nef from banked plasma samples and compared the sequences with PBMC proviral DNA from two HIV-PH and two HIVnormotensive subjects; these samples were contemporaneous. Figure 4 shows the frequencies of Nef polymorphisms in both compartments. Note that although there were slightly higher frequencies in plasma, these data suggest that there is no differential distribution of Nef variants in the two blood compartments.
Individuals with HIV-PH and SHIV-nef-infected macaques with complex
pulmonary lesions share substitutions in Nef residues. We compared Nef residues recovered from HIV+ with and without PH to Nef residues recovered from macaques infected with chimeric SHIVnef and with pulmonary vascular remodeling 17 . Sequence analyses uncovered polymorphisms that were shared between HIV-PH individuals and the macaques: histidine to tyrosine at position 40 (H 40 Y) and alanine to proline at position 53 (A 53 P, Table S1 ). The identification of common polymorphisms between Nef amino acid residues that arose spontaneously during passage in vivo in macaques This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. and in the HIV-PH individuals supports a potential link between specific Nef sequences and the PH phenotype.
Comparison between consensus and HIV-PH Nef using three-dimensional homology models. We sought to analyze the potential impact of nef polymorphisms by comparing models of HIV-PH-Nef to the consensus Nef. None of the models suggested major global structural impact from the polymorphisms (Figure 5) ; changes occurred in regions known to mediate intermolecular interactions.
Nef variants associated with PH down-regulate CD4. Down-regulation of
CD4 receptor is one canonical function of Nef; we therefore explored whether the polymorphisms would interfere with Nef-dependent CD4 down-regulation. Nef-HaloTag fusion constructs were nucleofected into HeLa-CD4 cells and expression assessed by flow cytometry (please see the Supplementary Methods for details). Baseline expression was 97-99%; the presence of Nef resulted in a 34-86% range of CD4 expression ( Figure 6 , Panel A). Denaturing/non-reducing immunoblots of cell extracts showed that Nef from the various constructs were expressed at different levels. Given that Nef is a gregarious protein that interacts with numerous cellular proteins 33 , we also analyzed the Nef-HaloTag constructs under native conditions. We observed the presence of higher molecular weight forms of Nef suggesting that these cloned variants retained the ability to form putative intracellular oligomers/complexes (Figure 6 , Panel B).
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DISCUSSION
HIV-PH is a manifestation of HIV infection regardless of the unquestioned success of antiretroviral treatments. There is an increased mortality in HIV-PH subjects compared to normotensive HIV+ individuals 8 . Unfortunately, many of the non-infectious complications of HIV infection including PH, present with non-specific symptoms and may be misdiagnosed.
Our group previously reported lung vascular pathologies characteristic of PH in macaques infected with chimeric SHIV-nef virions but not in monkeys infected with strains containing the native SIV nef alleles. Nef was also found in the lungs of HIV infected patients with pulmonary hypertension 17 . These findings suggested that HIV Nef protein, perhaps in conjunction with host genetic factors or persistent immune dysregulation, contributes to the development of pulmonary vascular changes leading to endothelial cell angioproliferative disease. The nef recovered from the SHIV-nef infected monkeys (named nef SF33A ) displayed four consistent amino acid changes acquired during passage in vivo 18 . These substitutions (including H 40 Y and A 53 P) became the predominant residues in close to 100% of the molecular clones recovered 53 weeks post infection, suggesting positive selection pressures.
We translated these results to humans and found polymorphisms in five of the known Nef functional domains; specifically, MHC-1 binding site, PKC phosphorylation site, acidic cluster, CD4 down-regulation motif, and in the proline-rich area (PxxP). Our studies were focused solely on HIV-Nef because of our previous findings in SHIV-nef- This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. arteriopathy in monkeys infected with SHIVenv, suggesting that other HIV genes might also play a role in the development of PH-like pulmonary vascular lesions. Perhaps, HIV-nef is a snapshot of the selective pressures driving HIV gene polymorphisms.
In light of the important pathogenic functions ascribed to Nef 35-37 , the wild-type Nef protein would be expected to be more likely associated with a disease phenotype rather than a polymorphic Nef. Nonetheless, if the native Nef protein were the one mechanistically related to PH, then every single HIV-infected subject would suffer PH, which is unlikely.
Functional analyses, based on down-regulation of the CD4 receptor (one canonical function of Nef), were intended to assess whether the "mutant" Nef protein retained function even if fused to a C-terminus tag. Our results demonstrate that Nef variant alleles associated with HIV-PH retain this ability, suggesting these are not functional dead-ends. Of note, some of the Nef polymorphisms identified in our study are localized in the CD4 down-regulation domain. These unique polymorphisms unlikely impair function because motifs located elsewhere on the polypeptide are also critical for Nef-mediated CD4 down-regulation 38 .
Nef is an adaptor molecule that interacts with cellular proteins; its structure plays a critical role in these interactions. None of the polymorphisms was predicted to have major structural changes on the core but rather the impact would be on residues located on the surface; these would be predicted to disrupt solvent and intermolecular interactions. Our protein modeling studies suggest that, in the context of Nef bound to an SH3 domain-containing protein, e.g. Fyn (Figure 5 Src-kinases, which may become newly accessible in polypeptides bent by prolines (A to P, for example). Our in vitro studies focused on full length Nef, which is structurally different than truncated versions of Nef 41 ; the relevance of truncated/missense Nef sequences in HIV-PH remains currently unknown, which offers another fascinating aspect to explore in future studies.
The finding of significantly more polymorphisms in Nef functional domains in the HIV-PH groups may initiate vibrant discussions regarding selective pressures on Nef.
Genetic divergence in Nef has been ascribed to the CD8+ T-cell mediated viral control 32, 42, 43 . Accumulation of mutations in the HIV genome is conceivable, especially in This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
chronically HIV-infected subjects exposed to ART, which was a feature of our validation cohort from San Francisco. We found no evidence that the Nef polymorphisms found in subjects with HIV-PH were affected by the presence of ART, length of HIV infection or age, at least in the cohorts we analyzed.
Our studies are limited by the differences among the subjects analyzed retrospectively from both cohorts, including the use of ART (European controls were mostly naï ve), HIV viral load (suppressed in the San Francisco) duration of HIV infection (more chronic in the San Francisco), age (younger in the European) and identification of normotensives (no cath in the European controls). In addition, our sample size may be too small to reach definitive conclusions; confirmation in larger, powered cohorts may confirm our results or detect polymorphisms in Nef due to ART, age, chronicity of HIV infection and/or compartmentalization in plasma vs. PBMC. Also, we acknowledge that at least 23% of the normotensive subjects recruited at San Francisco showed >2 polymorphisms in Nef. Whether these study subjects, although asymptomatic, are already at risk of HIV-PH will be elucidated prospectively because these subjects are currently enrolled in the longitudinal Lung-HIV studies focused on HIV-mediated lung complications, including PH.
Our findings offer new insights into the association between polymorphisms in
Nef functional domains and an HIV-PH phenotype in two separate cohorts. We believe our data suggest the possibility that genetic testing is feasible and may be potentially useful in the identification of these individuals. Future longitudinal studies will help explore whether these polymorphisms are also associated with development and progression of HIV-PAH.
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Kestler This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. 24 molecular clones with premature stop codons, large deletions, and mutated myristoylation sequences from the analyses because their inclusion would hinder in vitro studies with the full-length protein.
We aligned the Nef sequences from the HIV-infected individuals with and without PH and compared to reference sequences from the . Bootstrapped trees were created using ClustalW v1.83 9 via the PyCogent application controller 10 using 1000 bootstrap replicates. The trees were rooted using Nef sequences recovered from SHIV-nefinfected macaques (unpublished data). We used UniFrac 11, 12 to test whether specific phenotypes (e.g. HIV-PH vs. controls) or individual subjects were non-randomly distributed over the tree and extended this method by randomizing the states of the sets of sequences corresponding to a given individual. We tested for associations between phylogenetic structure and specific polymorphisms by adapting the method developed by Lozupone et al 13 and by using the analysis-of-traits (AOT) package.
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Human The presence/absence of amino acid residues at each position was averaged for each subject, creating a proportion of variants for each position. Rank statistics were used to evaluate the distribution of proportions across subjects. For these purposes, the G test was performed on a 2x2 contingency table in which the columns corresponded to study group (HIV-PH or controls), rows corresponded to whether a particular amino acid at a given position was different from the HIV sequence database, and the cells corresponded to the count of clones from the HIV-PH/control group with/without a deviation from the historical databases.
Statistical analyses were conducted using PyCogent, SAS 9.2 for Windows and Graph Pad Prism v.5.01. Differences were tested with statistical significance at the alpha = 0.05 level.
Nef protein homology modeling. Nef sequences from primary isolates were modeled by the web server PHYRE 14 . Briefly, we used the models of the myristoylated Nef anchor domain, which includes Nef amino acids 2-57 (PBD ID: 1QA5, from Geyer, et al, 15 and the Nef core-C-terminus, which includes amino acids 56-206. Crystal structure data were downloaded from the RCSB Protein Data Bank 16 and models were depicted using Geneious 6 .
Functional assay of the HIV-nef isolates associated with pulmonary hypertension. Specific amino acid residues essential for
Nef dimerization and conservation of function in vivo have been reported 17 . Hence, we used Geneious 6 to examine the HIV-nef as been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from 28   Table S1 . Sequence polymorphisms in HIV-1 Nef functional domains potentially associated with HIV-associated pulmonary arterial hypertension. Nef has highly conserved protein domains essential for its function, which are mapped to specific locations in the polypeptide 21 . The frequency of Nef amino acid residues per position was determined for each molecular clone. The consensus residue per position was deduced from HIV-1 Nef subtype B sequences 7 . Polymorphisms were ranked using G tests for independence with William's correction. Note that these values are a heuristic for ranking the polymorphisms of interest rather than measures of significance, as they do not correct for the relationships among sequences intra-subject or for multiple comparisons.
The polymorphisms that were over-represented in the HIV-PH subjects and confirmed in the second cohort are denoted by gray shading. Abbreviations: MHC, major histocompatibility complex; AP-1, adaptor protein-1; PKC, protein kinase C.
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are indicated in cartoons of Nef crystal structures. The Nef structure data are available as separate models 15 . We used the models of (A) myristoylated Nef anchor domain, which includes Nef amino acids 2-57 and (B) Nef core to the C-terminus (amino acids 56-206).
Alpha-helixes are colored in pink, beta-sheets are in orange. The N-and C-termini are indicated in each model. Non-conservative polymorphisms are indicated in yellow. Of the ten polymorphisms identified in European subjects with HIV-associated PAH, seven were also found in the cohort from San Francisco (underlined). Please refer to Table S1 for frequency data. Symbol: ▼ indicates hydrophilic amino acid. hydrogen bonds shown (yellow dashed line). These hydrogen bonds potentially stabilize the positioning of the PKC site as well as the proline-rich helix for interaction with an SH3 domain.
The T 80 N mutant not only is incapable of forming a hydrogen bonding to G 83 within α3 but also could form a new hydrogen bond with the carbonyl of P 78 which would increase the flexibility of the PKC site from α3. 
